An intimate arrangement between the utero-ovarian vein and the ovarian artery has been found in many species. The anatomical structure suggests the existence of a counter-current system of exchange, and many animal experiments point to a physiological importance of this transfer system. In man, the utero-ovarian vein forms a plexus around the ovarian artery. In-vitro experiments have demonstrated a local transfer of progesterone; in-vivo experiments have proved that krypton and progesterone can be transferred from the utero-ovarian vein to the ovarian artery. The physiological and pharmacological importance of the counter-current system is still under evaluation, and further investigations are needed. It has been suggested that counter-current transfer facilitates local communication between the ovary, Fallopian tube, and uterus. This may be important in a context of luteolysis, follicular selection and maturation, fertilization, and the recognition and maintenance of pregnancy. The pharmacological and therapeutic potential may be limited, as the ovarian adnexa are relatively difficult to access. Instillation of hormones into the uterine lumen will probably induce a higher plasma concentration in the ovarian arterial blood than in peripheral arterial plasma. A culdoscopic or endoscopic approach might permit introduction of long-acting depots in the uterine fundus near the Fallopian tubes and/or ovaries.
Introduction
Counter-current transfer may take place between the fluids in two neighbouring vessels with flows going in opposite directions. The process can be viewed as 'passive', with transfer depending on a gradient generated by the relative concentrations in the adjacent vessels. Thus the rate of transfer will be decided by physicochemical parameters, e.g. the flow through the tubes, the common apposed area of the tubes for exchange, the distance between the two fluids (the thickness of the separating 'membranes'), the concentration gradient, and the molecular size and lipid solubility of the substances. So far, active transfer of proteins such as HCG has not been described. On the other hand, it cannot be excluded.
Morphological studies in many species, including monkeys, show a close contact between the utero-ovarian veins and corresponding artery in the ovarian adnexa Ginther, 1972, 1973; Ginther et al., 1974) . Due to the vascular anatomy, transfer involves the ovary, Fallopian tube, and proximal part of uterus with the possibility of signals originating from any of the organs to reach all three mentioned (Einer-Jensen, 1974a; Hunter, 1988) . The transfer takes place between the uteroovarian vein and the ovarian artery. Transfer has been found for both endogenous and injected substances.
Animal experiments have demonstrated that counter-current transfer takes place between vessels in the reproductive system in both males and females. In the male, transfer of heat, inert gases, and steroid hormones has been found between the pampiniform venous plexus and the testicular artery (Einer-Jensen, 1974b; Einer-Jensen and Waites, 1977) . The transfer of heat between the vessels in the male pampiniform plexus is close to 100% efficient whereas~20% of the gases and only 1% of the hormones are transferred (Sørensen et al., 1991; N.Einer-Jensen, A.M.Carter and P.Svendsen, unpublished observations) . In addition, local transfer of xenon was demonstrated from vagina to the uterine lumen in the rat (Jiang Zhao and Einer-Jensen, 1998) . A similar transfer of progesterone was found from vagina to plasma in the uterine artery in pigs and in women (Einer-Jensen et al., 1993; Cicinelli et al., 1998; Cicinelli and de Ziegler, 1999) .
In the ovarian adnexa, transfer has been found of inert gases (xenon and krypton), prostaglandin (PG) F 2α , steroid hormones (e.g. progesterone) and peptide hormones (oxytocin, relaxin and insulin) in laboratory animals, sheep, pigs, and cows (McCracken et al., 1972; Land et al., 1976; Poyser et al., 1976; Walsh et al., 1976; Kotwica et al., 1981; Krzymowski et al., 1981; McCracken et al., 1984; Schramm et al., 1986a,b; Einer-Jensen, 1988; Koziorowski et al., 1988) . Some of the documentation is based on elegant dynamic studies using an ovarian or utero-ovarian transplant model, with reproductive tissues rendered accessible by relocation in a skin loop in the neck (Goding et al., 1967) .
The purpose of the present publication is to evaluate anatomical and physiological knowledge about counter-current transfer in the ovarian adnexa in man and its importance for the physiological regulation of ovarian and uterine function. Research in the area has been essentially dormant for several years (partly due to the early death of Arne Bendz), and the review article may be seen as an attempt to inspire further developments.
Vascular anatomy of the genital tract in women
The female genital tract in the rhesus monkey (Ginther et al., 1974) has a vascular arrangement indicating that counter-current transfer may take place in primates. The general vascular anatomy will not be covered in this chapter, but only specific arrangements of potential importance for counter-current transfer.
The major artery and vein to the uterus do not run in parallel as in most other organs. The uterine venous blood and the ovarian vein blood join in an utero-ovarian vein, and it is this special arrangement that explains how a message from the uterus can be transferred locally to the ovaries (see below). The ovarian and uterine arteries tend to form arcades and the Fallopian tube and, in part, the ovary and uterus are supplied from the arcades.
The utero-ovarian vein in man forms an extensive plexus, a pampiniform plexus, around the tortuous ovarian artery, as shown in a wonderful 300 years old drawing (Regnier De Graaf, 1668 , 1672 Jocelyn and Setchell, 1972;  Figure 1 ). A brief summary of variation between species in the arterial supply of the tube has been given by Edwards (1980) . From an ovarian arcade originate 8-20 ovarian branches which are extensively coiled and some have an 'inner helical folded' wall and are surrounded by a venous network. The inter-luminal distances between the utero-ovarian vein and the ovarian artery and its branches seem to be shorter than those between veins and arteries in the mesenterium and omentum. Even the mesosalpinx contains a large number of veins in close contact with the tubal arteries (Bendz et al., 1982a; Figure 2) . Creating a very substantial common area with extensive contact between veins and arteries and a short distance between the lumina, will facilitate transfer of substances.
Experimental evidence for counter-current transfer in women
One in-vitro and two in-vivo experiments published in the thesis of Arne Bendz (1982) indicate that counter-current transfer of substances takes place in the human ovarian adnexa. The uteroovarian vein and ovarian artery in surgical specimens were cannulated and perfused in a counter-current manner with isotonic, buffered solutions, fortified on the venous side with radiolabelled progesterone. Transfer of labelled progesterone was observed in four out of eight cases ( Figure 3 ). Transfer of antipyridine was also found with the same experimental model. Technical problems encountered during the experiments were the reason for the lack of transfer in several cases. No transfer of Evans blue-albumin was observed in any of the six cases in which Evans blue was added to the venous perfusate. It was concluded that progesterone was gradually transferred from the vein into the artery in the majority of the experiments, whereas albumin was not transferred (Bendz et al., 1982b) .
A miniature Geiger-Miller tube (length 8 mm, diameter 1.5 mm) was inserted into the stroma in one ovary of eight women undergoing hysterectomy. A control probe was also inserted into the contralateral ovary of two of the women.
85 Krypton in saline was infused into the adjacent utero-ovarian vein and the radioactivity was registered 5-14 min after the infusion. An increase of radioactivity was recorded in the ipsilateral ovary in five cases ( Figure 4 ). In one of the women with two probes, no increase in radioactivity was observed in the control ovary ( Figure  4d ). An increase in the contralateral ovary was not expected as the gas would be exhaled through the lungs during its first passage. In the other case with two probes (Figure 4e ), an increase in radioactivity was observed in the contralateral but not ipsilateral ovary. It was probably caused by a haematoma partly blocking the venous flow on the injected side, thus forcing the blood to leave through the veins on the contralateral side (Bendz et al., 1979) . Non-radioactive labelled progesterone was used in five women undergoing hysterectomy to show transfer of the steroid hormone in the adnexa. During surgery, a uterine vein running towards the ovarian pedicle was punctured and 2-5 ng of a solution of [ 13 C]-progesterone infused over 2-5 min. Parallel blood samples were obtained from the ipsilateral ovary, the contralateral ovary (stab incisions) and a peripheral vein. The content of [ 13 C]-progesterone was measured by gas chromatography mass spectrometry. In all five patients, higher progesterone concentrations were found in blood taken from the ipsilateral ovary than in peripheral vein blood ( Figure 5 ). Patients 2 and 3 (luteal phase) showed larger concentration differences between the ipsilateral and contralateral ovaries than the patients in the follicular phase. This could indicate that the efficiency of the counter-current system changes during the ovulatory cycle. Indications of similar cycle-dependent variations were previously found in the head (rat, sheep, and pig) and vagina-uterus (rat). In one case ( Figure 5 , patient 1), increased progesterone concentrations were found both ipsi-and contralaterally. The case is probably similar to the one described above in the krypton trial. The ratio between the concentrations in plasma taken from the ipsilateral versus the contralateral ovaries varies between 10 and 1000. Please note that the values on the y axis in Figure 5 , 'Ratio I/C', are incorrectly plotted. The values shown on the y axis (0.1, 1.0, 10, 100) should be multiplied by 10 (1.0, 10, 100, 1000) (Halket et al., 1985) .
It has been difficult to get scientists and clinicians to accept that hormonal concentrations, due to counter-current transfer, may differ depending of where the blood samples are obtained. Similarly, it has been difficult to obtain acceptance of the idea that a local, temporarily increased fraction of free hormones may have physiological importance. The majority of steroid hormones (90-99%) are bound to plasma proteins under steady-state conditions, as has been shown in plasma obtained from peripheral vein blood. During transfer, the substance must be liberated from the plasma proteins, as albumin itself is not transferred. Steroid-protein binding will start when the substance arrives in the arterial lumen; the speed at which the binding takes place has hardly been investigated. One additional set of experimental data will therefore be mentioned. Human plasma was pumped through a 1 m polyvinylchloride (PVC) catheter and tritiated steroid hormone added continuously at the inlet. The catheter was cut in 10 cm sections and the content of radioactivity in the plastic measured by liquid scintillation counting. The plasma was collected and rerun through a new catheter 24 h later. A significantly higher uptake of steroid hormone (testosterone, oestradiol, oestrone, oestriol, but not progesterone) was observed in the first part of the catheter during the first passage when compared with the second passage. It was concluded that an increased free fraction of testosterone, oestradiol, oestrone and oestriol but not progesterone existed during the first second after mixing. Thus a physiologically important, temporarily increased concentration of available hormone may be created in the arterial supply because of the counter-current transfer. A 2% increase in the total content of a hormone may actually indicate a doubling of the free fraction (Einer-Jensen, 1989). It is not clear why progesterone behaved differently from the other steroids tested.
Evaluation of the experimental data
It may be concluded from studies of the adnexal structure in women that structures favouring counter-current transfer do exist. It may also be concluded from the experiments that countercurrent transfer can be demonstrated in the ovarian adnexa in women under both in-vitro and in-vivo conditions. The conclusion is based on rather small numbers of patients all from one hospital and the trials require to be confirmed by other institutions.
The difference in endogenous steroid hormone concentrations between plasma samples from a peripheral artery and the ovarian artery is unknown in man. One might expect a unilateral increase in ovarian arterial blood concentrations if a large follicle or corpus luteum is present. The possible importance of the transfer is unfortunately not known. However, a significant increase in the content of the ovarian steroids was found in pig arterial blood from the Fallopian tube arcade as compared to peripheral arterial blood (Hunter, 1988) . In a study conducted shortly before the time of ovulation, oestradiol concentrations in the arcade arterial blood exceeded those in peripheral blood by a factor 10, whereas in C]-Progesterone was infused during 5 min into a uterine vein in five women patients. Parallel blood samples were obtained at intervals from the ipsilateral and contralateral ovaries and from a peripheral vein. A higher concentration of labelled steroid was found in the ipsilateral samples than in contralateral in four cases, indicating a transfer from the uterine vein to the ipsilateral ovarian artery (reproduced from Halket et al., 1985, with permission). samples taken shortly after ovulation, progesterone concentrations in the arcade arterial blood exceeded those in peripheral blood by a factor 20 (Hunter et al., 1983, Figure 6 ). The possible existence of an increased free fraction of steroid hormone in the ovarian arterial blood may amplify the effectiveness of the transfer. More research is needed to substantiate that the ovary, especially the Graafian follicle, is communicating locally with the Fallopian tube.
Two additional areas need further investigation: (i) the efficacy of the transfer of steroid hormones in the ovarian adnexa has been found in animal experiments to be in the order of 0.3-2% (Einer-Jensen, 1988) although similar studies in women have not been carried out; and (ii) a possible correlation between the ovulatory cycle and changes in the efficacy of the transfer, as seen in the cow, should be investigated (Kotwica et al., 1982) .
Physiological implications
The physiological implications will be discussed based on the assumption that counter-current transfer in the human ovarian adnexa has been proven. The anatomy of the vessels indicates that transfer between the utero-ovarian vein and the ovarian artery would facilitate: (i) ipsilateral transfer of substances from the ovary to the ovary, the Fallopian tube, and part of the uterus; (ii) from the Fallopian tube to the ovary; and (iii) from the uterus to the ovary. The ovarian veins and artery in the hilus form an extensive network; this may provide an additional, effective transfer system for intra-ovarian communication with hormones. Local transfer of heat within the ovary has been suggested. Such a transfer would be essential for the maintenance of the temperature gradient between the Graafian follicle and the ovarian stroma (Hunter et al., 1997) . Temperature differences may not be localized to the ovary only, a preovulatory temperature gradient was found between the isthmus and ampulla of pig oviducts during the phase of sperm storage (Hunter and Nichol, 1986) . The isthmus part of the oviduct is certainly involved in the local transfer system in the ovarian adnexa (Figure 6 ), but it is not clear how the temperature difference between the isthmus and the ampulla is created.
The within-ovarian redistribution may be from corpus luteum to follicles, from follicles to corpus luteum, or from follicle to follicle. However, attempts to document a change in the side of ovulation due to the local influence of a corpus luteum have not been convincing. Recent research indicates, however, that local ovarian factors, e.g. from the corpus luteum, may negatively affect the health of an ipsilateral preovulatory follicle and the enclosed oocyte (Fukuda et al., 1998) . These results were found in both natural and clomiphene-stimulated cycles. There is some attraction in the suggestion that selection of the dominant follicle away from a negative local influence of the corpus luteum may favour establishment of pregnancy.
The Fallopian tubes receive their blood supply from the ovarian arteries. If the two tubes receive 'different' blood due to, e.g. a preovulatory follicle or an active corpus luteum, the morphological and functional pattern would be different; however, little evidence has yet been produced. Recent research indicates that the tubal part of the uterus receives its blood supply via the ovarian artery and therefore is involved in the exchange of substances in the ovarian adnexa (N.Einer-Jensen and E. Cicinelli, personal communication) . More speculatively, one may assume that an early pregnancy signal from an embryo in the Fallopian tube or indeed from a morula soon after entry into the uterus could reach and stimulate a corpus luteum via transfer in the ovarian arcade. The activation may take place despite low and 'undetectable' concentrations in peripheral blood.
Indications of local transfer from the uterine lumen via the utero-ovarian vein and ovarian artery to the ovary is found in nonhuman primates. Intrauterine injection of a low dose of PGF 2α (10 µg) had a marked luteolytic effect (Einer-Jensen, 1973) , and intrauterine injection of HCG during late luteal phase was preferentially distributed to the ovulatory ovary (Nagle et al., 1994) .
Similarly, steroid hormones released from the ovulating follicle may be absorbed from the tubal lumen and transferred to the arterial blood in the ovarian arcade. Local transfer from the lymph and adnexal tissues has been found in animals (Heap et al., 1989 ), but has not been evaluated in man. The discussion will concentrate on three groups of substances: prostaglandins, steroid hormones, and peptides.
The ovarian artery in sheep supplies the tubal part of the uterine horn via arterial communication between the ovarian and uterine arteries (Schramm et al., 1986b) . Similar connecting branches are seen in man, they may permit unilateral communication from the ovary to parts of the uterus. Since spermatozoa are transported preferentially into the tube ipsilateral to the dominant follicle, this asymmetric uterine function may be controlled by the ovary via direct effects utilising the utero-ovarian counter current system, in addition to the systemic circulation (Kunz et al., 1998) .
Prostaglandins
Transfer of PGF 2α from uterine venous blood to ovarian arterial blood was found to promote luteolysis in sheep (McCracken et al., 1972; Bonnin et al., 1999) . No luteolysis was observed if the utero-ovarian vein and the ovarian artery were separated. Prostaglandin of uterine origin is, however, not essential for Figure 6 . Semi-diagrammatic representation of the arterial blood supply to the ovary and isthmus of the oviduct. A portion of the ovarian vein is also shown (reproduced from Hunter et al., 1983, with permission). luteolysis in women, who tend to maintain a 4 week ovulatory cycle, even in cases in which the uterus has been removed.
Prostaglandins of ovarian origin may be important for luteolysis in man (Auletta and Flint, 1988; Patton and Stouffer, 1991) . The extensive vascular network in the ovarian hilus would facilitate redistribution of ovarian prostaglandins to the corpus luteum.
Steroids
After transfer from vein to artery, steroids of ovarian origin may reach either the ovary or the Fallopian tube. A unilateral effect would be expected: progesterone from the newly formed corpus luteum or oestradiol from a large follicle may, for example, have a stronger impact on follicular growth or tubal function on the ipsilateral than contralateral side.
Peptides
Transfer of peptides such as oxytocin and relaxin has been found in animal experiments (Schramm et al., 1986a,b) . To the authors' knowledge, attempts have not been made in human trials to measure a similar transfer. One can speculate that peptides participating in intra-ovarian regulation exist and function critically. An early pregnancy signal of Fallopian tube origin may, after transfer, stimulate the corpus luteum and still have an undetectable low concentration in peripheral blood. Transfer of HCG would expose the corpus luteum to physiologically active concentrations of the hormone at an early stage. The high molecular weight of HCG (46 kDa) indicates, however, that the transfer must be based on an active process.
Pharmacological implications
Local application of drugs into the uterine lumen could be used for therapeutic purposes in man (Einer-Jensen, 1990) . It would increase the local concentration in the blood supply to the ovaries, Fallopian tubes, and tubal part of uterus without a similar increase in the rest of the body. A culdoscopic or endoscopic approach might permit introduction of long-acting depots in the uterine fundus near the Fallopian tubes and/or ovaries. Instillation of cytostatica into the uterine lumen would probably create a high local concentration in the ovary and neighbouring lymph glands with less general toxic effects than after intravenous administration. Unknown to many clinicians, hormone-releasing intrauterine devices may have an unexpectedly high impact on the ovaries and Fallopian tubes due to local transfer.
Recent research indicates the existence of vascular mediated, local transfer system from vagina to uterus. After vaginal application of progesterone, the plasma concentration in the uterine artery was twice as high as in a peripheral artery (Cicinelli et al., 1998) . It therefore seems possible to treat uterine deficiencies through vaginal application of drugs (Cicinelli and de Ziegler, 1999) . It is clearly important to create high progesterone concentrations in the uterus, since a negative correlation exists between uterine contractions and progesterone concentrations in women undergoing embryo transfer after IVF (Fanchin et al., 1998) .
